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Abstract. In order to clarify the nature of the additional phase transition at H1(T ) < Hc(T ) of the layered
antiferromagnetic (AF) insulator FeBr2 as found by Aruga Katori et al. (1996) we measured the intensity
of dierent Bragg-peaks in dierent scattering geometries. Transverse AF ordering is observed in both AF
phases, AF I and AF II. Its order parameter exhibits a peak at T1 = T (H1) in temperature scans and does
not vanish in zero eld. Possible origins of the step-like increase of the transverse ferromagnetic ordering
induced by a weak in-plane eld component when entering AF I below T1 are discussed.
PACS. 75.25.+z Spin arrangements in magnetically ordered materials (including neutron and spin-
polarized electron studies, synchrotron-source X-ray scattering, etc.) { 75.30.Kz Magnetic phase boundaries
(including magnetic transitions, metamagnetism, etc.) { 75.50.Ee Antiferromagnetics
1 Introduction
Metamagnets with large uniaxial anisotropy like FeCl2
and FeBr2 are widely accepted as model systems for in-
vestigating fundamental properties of antiferromagnets.
Both compounds are ionic insulators with localized mag-
netic moments at the Fe2+-sites, arranged in triangular
layers. The inset of Figure 1 shows the hexagonal unit cell
of FeBr2 (space group D33d = P3m1, Neel temperature
TN = 14:1 K), where adjacent (001) layers of Fe2+ ions
are separated by two layers of Br− ions. The spin direc-
tions at low temperatures, T  TN, and in zero external
magnetic eld, H, are conventionally assumed to point
parallel and antiparallel to [001], respectively, from layer
to layer. Thus a Neel type ground state with \up" and
\down" spin sublattices seems to emerge as in the case of
FeCl2 (space group D53d = R3m, TN = 23:7 K). However,
while FeCl2 { when exposed to an axial magnetic eld
H { reveals a classic tricritical point on its H-T phase
line [1,2], FeBr2 behaves in a more complicated fashion
(Fig. 1).
a e-mail: binek@kleemann.uni-duisburg.de
b On leave of absence from the Department of Physics, Tokyo
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Structures, Charles University, Prague, Czech Republic
Similarly as in FeCl2 the lines Hc1 and Hc2 denote the
phase transition of rst-order from AF long-range order to
the paramagnetic (PM) saturated phase via a mixed phase
(AF+PM). However, above the multicritical point (MCP)
temperature, TMCP = 4:6 K, apart from the critical phase
line, Hc(T ), regions of strong non-critical fluctuations are
encountered. They are peaking along novel lines denoted
as H−(T ) and H+(T ), respectively [3]. Between H− and
H+ the hyperne eld acting on the down-spin sublattice
gradually varies from extreme negative to positive values,
thus indicating strong transverse spin precession on the
Mo¨ssbauer spectroscopic time scale [4]. In addition, an-
other line, H1(T ), is observed in the vicinity of H−(T ).
It was discovered by Aruga Katori et al. [5] in specic
heat data and depicts a hitherto unexpected rst-order
phase transition. In magnetization measurements, using
magnetic elds tilted with respect to the layer normal, it
manifests itself as a slightly shifted line, H 01(T ) [6].
Recently, attention has been focused on the investi-
gation of the nature of the phase transition at H1(T ).
It divides the AF phase region into two sub-phases AF I
(H < H1) and AF II (H1 < H < Hc). From magnetization
measurements in tilted elds [6] it was conjectured that
transverse spin ordering exists in the AF II phase, with a
jump of the axial magnetization component Max = Mz at
H 01(T ), provided that the transverse (i.e. in-plane) magne-
tization, Mpl, is aligned by an auxiliary eld, Hpl. In order
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Fig. 1. H-T (B-T ) phase diagram of FeBr2 presented by inter-
polated lines and data points [3,6], where H (B = 0H) is the
applied axial magnetic eld (induction). Hc is the second-order
phase line, while Hc1 and Hc2 are the boundaries of the mixed
phase AF + PM. Dashed lines H− and H+ denote the peak
positions of the non-critical fluctuations, while H1 emerges
from specic heat [5] measurements [6] in axial elds. Critical
points (MCP and BCE) and temperatures (TN), and phases
(PM, AF I and AF II) are indicated (see text). Tentative spin
structures are schematically sketched by arrows and precession
circles of their tips in oblique phases. They refer to the layered
lattice structure as depicted by the unit cell in the inset (see
text).
to explain the obvious coupling between the in- and out-
of-plane spin polarization an o-diagonal exchange inter-
action between planar and axial spin components was pos-
tulated, which is allowed in trigonal point symmetry [7].
Within the framework of a simple Neel state model
with rigid spins the discontinuous enhancement of the fer-
romagnetic (FM) order parameter should give rise to a
reverse jump in the AF order parameter. However, this
was not clearly conrmed by elastic neutron scattering
measurements. Apart from criticality at the phase bound-
ary, Hc(T ), and non-critical fluctuations at H+ and H−,
only a weak anomaly of the axial AF order parameter is
evidenced atH1(T ) by virtue of the temperature and mag-
netic eld dependencies of the (2, 0, 1/2) neutron scatter-
ing intensities when scaled with Tc(H) or T1(H) [8]. Thus,
in order to solve the enigmatic situation and to clarify the
characteristics of H1(T ) it appears useful to investigate
more carefully the spin structure, viz. in particular the
planar components of the AF order parameter. To this
end novel experiments of neutron scattering with mag-
netic elds both parallel and tilted to the c axis have been
done. For the rst time they evidence that the ground
state spin conguration of FeBr2 in zero external eld ex-
hibits a transverse component of the AF order parameter
in all AF phases, i.e. at H < Hc;Hc1. As a signature of
the phase transition at H1(T ) it shows a peak together
with a step-like rise of the transverse FM moment in the
tilted conguration.
2 Experimental details
Neutron scattering measurements were performed at the
High Flux Reactor at the Institut Laue Langevin (ILL)
in Grenoble, France, and at the Berlin Neutron Scatter-
ing Center of the Hahn-Meitner Institut (HMI) in Berlin,
Germany.
In the ILL experiments we used the D15-instrument
as a two-axis thermal neutron normal-beam diractome-
ter with a cryostat containing a vertical superconduct-
ing magnet (0H  6 T). The neutron wavelength was
 = 1:176 A with a =2 contamination of about 0.1%.
It should be remarked that a non-horizontal scattering
plane was chosen in some experiments. In those cases we
changed the detector tilt angle, , for the dierent Bragg
peaks. Almost all data shown in this paper are obtained
from omega scans. We used two FeBr2 samples with sizes
201510 mm3 and 465 mm3, mounted either with
the c axis parallel to the applied eld or tilted under an
angle   30 with respect to the eld axis. Magnetization
measurements show that for angles   30 the tilting has
only a small influence on the phase transition at Hc(T ). It
seems that only the component H cos() drives the global
critical behavior [6].
At HMI we used the E4-instrument employing a sam-
ple with size 6  6  2 mm3. It was mounted with its
c axis parallel to the applied eld, 0H  6 T, which
was supplied by a horizontal superconducting magnet.
In this conguration it was straightforward to measure
the (0, 0, 1/2) Bragg reflection, where both the c and
the eld axis lay in the scattering plane. The neutron
wavelength was  = 2:4 A with the collimator condition
\400-400-open-400".
Magnetization and ac susceptibility data were ob-
tained using a SQUID magnetometer (Quantum Design
MPMS5S).
3 Experimental results
3.1 Scattering data from ILL
Figure 2 shows the measurements of the scattering inten-
sity I vs. temperature T for the (2, 0, 1/2) Bragg peak,
which is a measure of the axial AF order parameter. The
c axis is parallel to the applied eld, H, which is varied
from H = 0 (curve 1) to H = 2:39 MA=m (curve 5).
Two features are obvious: In agreement with previous
work [8] the phase transitions at Tc(H) are clearly indi-
cated by points of inflexion in I(T ) (arrows) in accordance
with those found in the magnetization curves, M(T ), two
of which are shown in Figure 2 for H = 1:91 MA=m
(curve 30) and 2.39 MA/m (curve 50). Furthermore the
anomalous decrease of the intensity due to non-critical
fluctuations is observed at H−(T ), where the spin-down
sublattice switches into an almost non-magnetized state,
while the spin-up sublattice remains highly magnetized
along the applied eld. This causes an anomalous increase
of M vs. T and a reduction of the AF order parameter
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Fig. 2. Temperature dependence of scattering intensities (open
circles, lefthand scale of count rates normalized with respect
to the monitor value of the incident flux) at the antiferromag-
netic Bragg peak (2, 0, 1/2) and magnetization of FeBr2 (solid
lines, righthand scale) for dierent axial elds, H = 0 (1), 1.59
(2), 1.91 (3, 30), 2.15 (4) and 2.39 MA/m (5, 50). Solid arrows
denote the critical temperatures Tc(H), while broken double
arrows indicate the peak positions of non-critical fluctuations.
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Fig. 3. Axial magnetic eld dependence of scattering intensi-
ties (peak heights) at Bragg and o-Bragg positions (1, 0, 1/2),
(1, 0, 1) and (0.95, 0.05, 0), respectively, at T = 8:0 K. The
elds Hc, H+ and H− (see Fig. 1) are indicated by arrows.
as indicated by double arrows connecting the curves 3,
30 and 5, 50 in Figure 2, respectively. These features are
also found in Monte Carlo simulations of Ising-type AF
systems [9{11]. The non-critical fluctuations are typical of
the axial system and are also observed as broad shoulders
in the susceptibility, 0 [3], or in the specic heat, cmag [5].
In Figure 3 the scattering peak intensity data of eld
sweeps at T = 8 K are shown. While the AF Bragg in-
tensity, I (1, 0, 1/2), vanishes for increasing H at the
critical value Hc = 2:55 MA=m (arrow), the intensity of
the FM (1, 0, 0) Bragg peak increases like M2(H) [3]. As
expected, it shows an inflection point at H = Hc. We also
measured the o-Bragg peak scattering intensity near the
(1, 0, 0) Bragg reflection at (h; k; l) = (0:95; 0:05; 0), which
is a measure of FM susceptibility or short range correla-
tions. It peaks at H  2:31 MA=m, a value lying between
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Fig. 4. Temperature dependence of scattering intensities mea-
sured in an applied magnetic eld H = 2:39 MA=m (axial eld
component Hax = H cos(30
)  2:07 MA=m) at the Bragg
peaks (0, 2, 0), (0, 0, −1) and (0, 0, −1=2), which represent
the axial and transverse FM, and the transverse AF order, re-
spectively. Note the multiplication of the (0, 0, −1) curve by a
factor of 0.2.
H1 = 1:99 MA=m and Hc = 2:55 MA=m, i.e. amidst (and
thus probably characteristic of) the AF II region.
From this results it is concluded that the additional
phase transition at H1(T ) cannot be seen in axial elds
via axial AF or FM Bragg intensities. It seemed, hence,
advisable to measure a purely transverse Bragg peak, e.g.
(0, 0, 1/2), which reflects AF ordering along the c axis,
where the magnetization components lie orthogonally to
the c axis. It has to be noticed that secondary order pa-
rameters like strain couple to bilinear correlation functions
of the spin components, e.g. hS2xi. Unlike hSxi they are,
hence, not expected to reveal period-doubling along [001]
and will not contribute to I (0, 0,1=2). In order to detect
this peak, we had to tilt the sample by 30 with respect
to the eld direction, being vertical in the case of the ex-
periments at ILL. The same angle was also used in our
previous magnetization measurements [6]. In this cong-
uration we measured the intensities of the (0, 0, −1=2),
(0, 0, −1) and (0, 2, 0) peaks.
Figure 4 shows the data obtained for the applied eld
H = 2:39 MA=m. The axial FM intensity of the (0, 2, 0)
peak has a similar shape as the magnetization data. How-
ever, the transverse AF intensity as observed from the (0,
0, −1=2) peak reveals new information about the ordering
of the spin components orthogonal to the c axis. For de-
creasing temperature we see a strong increase of the trans-
verse AF ordering starting at T  11:7 K. At T  8 K
it reaches a maximum and then decreases to a saturation
value of about half of the peak value. It should be noticed
that the axial eld, which is responsible for the global criti-
cal behavior, is Hax = H cos(30)  2:07 MA=m. Compar-
ison with the phase diagram (Fig. 1) shows, that the corre-
sponding value of the critical temperature, Tc = 11:5 K, is
well reproduced. Consequently the additional phase tran-
sition at H 01(T ) should occur at T  8 K. Remarkably,
in our measurement we nd a maximum at this posi-
tion. Moreover, at this value the transverse FM order
38 The European Physical Journal B
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Fig. 5. Temperature dependence of scattering intensities mea-
sured in an applied magnetic eld H = 2:55 MA=m (axial eld
component Hax = H cos(30
)  2:21 MA=m) at the Bragg
peaks (0, 2, 0) and (0, 0, −1=2) representing axial FM and
planar AF order, respectively. The intensity of the (0, 0, −1=2)
peak at H = 0 is denoted by solid squares. TN indicates the
Neel temperature.
parameter, as seen in the (0, 0, −1) Bragg peak intensity,
shows a step from a high saturation value at low temper-
atures to lower values at higher temperatures, T > 8 K.
Near Tc, at T  12 K, another small step towards a lower
saturation value is observed.
Similar features of the transverse AF order are found
for a higher eld value, H = 2:55 MA=m, as shown
in Figure 5. Again the transverse AF order increases
rapidly below the critical temperature, Tc = 10:7 K,
reaches a sharp maximum at T = 7:5 K and decreases
upon further cooling to saturate at a scattering intensity
I  0:44 I(7:5 K). Taking into account the value of the
axial eld in this case, Hax = 2:55 MA=m  cos(30) 
2:2 MA=m, and considering the phase diagram (Fig. 1) we
should expect the additional phase transition at T (H1) =
7:5 K in agreement with the position of the (0, 0, −1=2)
peak intensity.
From the above measurements it is evident that trans-
verse AF ordering occurs at all temperatures T < Tc(H).
Interestingly, this assertion seems to hold even in zero ex-
ternal eld. Figure 5 also shows I(0; 0;−1=2) vs. T for
H = 0 (solid squares), where a net increase I(0; 0;−1=2)
is observed beyond errors when cooling to below TN =
14:1 K.
3.2 Scattering data from HMI
In contrast with the measurements done at ILL the c axis
of the crystal was oriented parallel to the magnetic eld in
the HMI experiments. Thus within a possible error of less
than 5 due to misalignment no in-plane eld was present.
Figure 6 shows I vs. T for the (0, 0, 1/2) Bragg peak for
applied elds H = Hax = 2:07 MA=m. After removing the
non-magnetic background as revealed by the bias values at
T  20 K, the data behave similarly as the curves obtained
at ILL in Figures 4 and 5. The peak at T1(H) is lacking
in low-elds (H  1:6 MA=m, not shown), where only a
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Fig. 6. Temperature dependence of scattering intensities mea-
sured in an applied axial magnetic eld H = 2:07 MA=m at
the Bragg peak (0, 0, 1/2) representing planar AF order. The
data refer to omega scans deconvoluted into eight Gaussians
(see text).
step-like increase of the intensity is encountered at Tc(H)
when cooling from high temperatures. This observation
corroborates the idea of a bicritical endpoint terminating
the phase line H1(T ) at nite eld values (BCE in Fig. 1).
It should be mentioned that the data presented in
Figure 6 have been subtracted from a considerable back-
ground intensity and are weak and quite noisy. They refer
to omega scans around the (0, 0, 1/2) Bragg peak exhibit-
ing broad multi-peak structures of width !  2. The
data presented in Figure 6 refer to a decomposition of the
omega curves into eight distinct Gaussian ones. In this
situation it might be argued that an inhomogeneous eld
distribution across the sample might give rise to the ob-
served secondary peaks. However, while such eects will be
harmful when determining magnetic phase boundaries [12,
13], they are not expected to modify Bragg reflection con-
ditions apart from higher order coupling phenomena (e.g.
magnetoelastic distortions). In order to exclude this pos-
sibility we have ascertained that nuclear Bragg peaks as
measured even at T > TN reveal the same multi-peaked
structure of the omega scans. That is why we are con-
vinced that the sample quality obviously suered from
considerable mosaicity (textured polycrystallinity).
Figure 7 shows the peak height of the (0, 0, 1/2)
Bragg peak vs. eld for two temperatures, T = 1:8 and
7.8 K. Within errors, one can conclude, that I (0, 0, 1/2)
starts with a plateau at low elds (even at zero eld).
In the curve for T = 1:8 K (open circles) one observes
a slight increase upon reaching the lower boundary of
the mixed phase (Hc1 = 2:35 MA=m, see Fig. 1), then
a strong decrease in the mixed phase, and nally satura-
tion above Hc2 = 2:75 MA=m (arrows). This corresponds
well with the phase diagram of FeBr2 (Fig. 1). The sec-
ond curve, for T = 7:8 K (solid circles) shows a similar
behavior, but a smoother decrease. It starts in the vicin-
ity of H1(8 K)  2:0 MA=m (arrow) and levels o at
Hc(8 K)  2:6 MA=m. Hence, the transverse AF order
parameter clearly decreases in both the mixed AF + PM
and the AF II phase.
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(solid circles). The 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4 Discussion
The (0, 0, 1/2) Bragg peak intensity data reveal new infor-
mation about the magnetic ordering in FeBr2. We believe
that Figure 4 is particularly crucial for the interpretation
of the data.
First, from the present data we conclude that non-
vanishing transverse spin-components do exist and, hence,
AF transverse spin ordering is encountered in FeBr2. It
seems to disappear only beyond the critical line, Hc(T ),
and vanishes as T ! Tc(H) in a similar way as does the
longitudinal AF order parameter (Fig. 2). Unexpected and
contrasting with our previous interpretation [6], it is now
certain that non-vanishing AF transverse spin order does
exist both at low temperatures and in weak elds. This
seems to be true even for zero-eld (Figs. 5 and 6), and
means, that the ground-state of FeBr2 must be an oblique
spin state. The corresponding spin structure expected for
the AF II phase is qualitatively depicted in Figure 1 by
antiparallel oblique arrows and precession circles of their
tips. The eld-induced magnetization is taken into account
by dierent lengths of the arrows on the up- and down-
spin sublattices, respectively.
Second, as is evident from the temperature scans of
Figures 4 and 5, the transverse AF order parameter has
a maximum at the additional phase transition line, T1 =
T (H1). It decreases upon cooling and attains a constant
value, Imin  0:5Imax, at low T . This curve prole was
found both in the ILL data with Hpl 6= 0 and in the HMI
data with Hpl  0.
Third, in the AF II phase at T > T1 we observe an
abrupt destruction of the transverse FM order at increas-
ing temperatures (concave curvature I vs. T ), while the
transverse AF order decays smoothly (convex curvature I
vs. T ). Despite the fact that the FM moment is partially
supported by the external in-plane magnetic eld, Hpl,
it undoubtedly seems to show a phase transition-like be-
havior at T1. The expected spin structure including both
transverse AF and FM ordering is tentatively sketched in
Figure 1 at the lefthand side of the H1(T ) line by tilted
arrow symbols including their precession circles.
In order to understand these results let us recall the
possible importance of o-diagonal exchange interaction
between planar and axial spin components in FeBr2 [6].
In our preliminary interpretation, solely based on mag-
netization measurements, we suggested the appearance of
an disorder-order phase transition of the transverse spin-
components when crossing the lineH1(T ) and entering the
phase AF II. According to the neutron data, this assertion
is still partially valid. While maximum transverse AF spin
order is observed at H1(T ), it decreases when entering the
phase AF I. Conspicuously, in parallel with this decrease
intraplanar FM ordering establishes phase transition-like
as seen by the onset of additional (0, 0, −1) scattering in-
tensity (Fig. 4). Obviously the in-plane spin components
are tilted towards a common FM axis in the low-T phase
AF I in a phase transition-like fashion. It is tempting to as-
sume the appearance of weak transverse ferromagnetism,
although experimental evidence for a sizeable FM compo-
nent in the (0, 0, −1) scattering intensity in a purely axial
magnetic eld (not shown) is still lacking.
Weak ferromagnetism is often [14,15] attributed to
the antisymmetric part of the o-diagonal exchange in-
teractions terms of the form d  [Si  Sj ], where Si;j are
spins from dierent sublattices and d is a coupling vec-
tor, the size and direction of which depends on spin and
spatial symmetry. However, as can easily be shown for the
space group D33d of FeBr2, inversion symmetry is present
between all spin pairs in- and out-of-plane. Hence, no
Dzialoshinski-Moriya-type coupling is expected to occur.
One has then to check the relevance of symmetric
o-diagonal exchange interactions, which are expected
to occur in the trigonal point group of FeBr2 [7]. Us-
ing symmetry arguments a straightforward analysis shows
that o-diagonal exchange of the type −J (Sx0Sz1 + Sx1Sz0 )
should exist for both in- and inter-plane bonds, viz.,
J = J1(a; 0; 0), J2(a; a; 0), J3(2a; 0; 0), J 01(a; 0; c) and
J 02(2a; 0; c), where the subscripts 1, 2 and 3 denote near-
est, next-nearest and third-nearest spin neighbors, respec-
tively, while the argument describes the position of S1
with respect to that of S0, (0, 0, 0). However, owing to
the threefold rotational symmetry their contributions van-
ish in case of a Neel-type ground state involving only two
sublattices, i.e. qx = qy = 0 and qz = c=2. This was al-
ready remarked by Mukamel for the nearest-neighbor in-
plane exchange, J = J1(a; 0; 0) [7]. Unfortunately there is
presently no hint at either a non-collinear or a modulated
transverse spin structure in FeBr2, which might activate
the o-diagonal exchange and nally explain the appear-
ance of a spontaneous transverse ferromagnetic moment
below T1. Here we tentatively propose that intraplanar
secondary anisotropy will break the planar spin order into
domains, similarly as observed on the oblique AF phase
of the competing anisotropy system Fe1−xCoxCl2 [16].
By virtue of domain wall-induced spin disorder the o-
diagonal exchange may thus become active.
However, lacking both theoretical and experimen-
tal evidence of this moment for Hpl = 0, we alterna-
tively propose the above increase of the FM scattering
40 The European Physical Journal B
intensity (Fig. 4) to be due to a spin-flop like reorienta-
tion of the AF in-plane order parameter induced by Hpl
at T < T1(H). Unfortunately this does not explain the
existence of a phase transition in the absence of Hpl [5].
A similar intraplanar spin-flop at the phase lineH1(T )
was recently found by Pleimling [17] in computer simu-
lations. He introduced a semi-classical Heisenberg model
taking into account o-diagonal exchange interaction be-
tween intraplanar spins. Within this approach the axial
and transverse spin-components are decoupled and two
distinct transition temperatures, Tc and Txy, are encoun-
tered. The latter temperature corresponds to T1 in the ex-
perimental phase diagram. However, in disagreement with
the experimental results (Figs. 4 and 5) destruction (in-
stead of gradual thermal decrease) of the transverse AF
order is observed when heating the system to above Txy.
Further, this model predicts a phase transition also for
Hax = 0 at Txy < TN, an assertion which still lacks con-
rmation.
Yet another description was suggested by Acharyya
et al. [18]. They considered a weakly anisotropic Heisen-
berg system and succeeded in reproducing the transverse
AF order parameter curves I (0, 0, −1=2) vs. T (Figs. 4
and 5) in terms of a spin-flop transition. It occurs at T (H1)
and is driven by the applied axial eld. This model suers
from the drawback that, in contrast with the experimen-
tal observation, any transverse AF ordering is lacking at
low T in a suciently weak axial eld H. Moreover, it is
unable to explain the metamagnetic phase transition as
observed in FeBr2 below T (MCP) (Fig. 1).
It is clear that both the experimental data and the
theoretical description of FeBr2 are still far from being
complete. The oblique nature of the AF phases through-
out the phase diagram sheds new light onto the nature
of the phase transition at Tc(H). Since it is characterized
by a merger of two order parameters, Sk and S?, refer-
ring to two dierent irreducible representations of the D33d
space group, a second-order phase transition seems to be
excluded within Landau theory. Indeed, the observed [19]
asymmetric critical behavior of the magnetic specic heat
might hint at the appearance of either a weak rst-order
transition or of two unresolved successive second-order
transitions.
Further, the peak-like behavior of the transverse AF
order parameter at H1(T ) and the gradual vanishing
of this peak as H ! 0 are only poorly understood. In
particular, the nature of the new order parameter char-
acterizing the AF I phase is still unclear. As outlined above
there is some evidence that symmetric o-diagonal spin
coupling in conjunction with a modulated spin struc-
ture might eventually solve the puzzle. Here the exis-
tence of in-plane frustration due to competing interac-
tions, J3=J1 = −0:2 [20], seems to be crucial. Additional
need for a fully quantum mechanical treatment [17] is still
an open question.
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